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Propagation  Loss  in 
Electrostatically  Variable  SAW  Delay  Lines 


1.  INTRODUCTION 

Phase  shifters  are  currently  used  in  steering  the  beam  in  phased  array 
antennas.  Electronically  variable  time -delay  lines  rather  than  phase  shifters  are 
required  for  wide  instantaneous  bandwidths.  It  has  been  found  that  strong  dc 

1  -3 

electric  fields  change  the  time  delay  in  surface  acoustic  wave  (SAW)  devices. 

This  effect  has  the  potential  for  providing  time  delay  from  inexpensive  devices 
fabricated  by  photolithographic  techniques. 

1  2 

The  first  configuration  of  dc  electrodes  to  be  studied  '  employed  an  electric 
field  normal  to  surface  on  which  the  SAW  propagates.  The  field  was  generated  by 
a  voltage  applied  to  a  metallic  film  deposited  on  the  surface.  Because  of  the  thick 
ness  of  the  piezoelectric  crystal  plate  needed  for  mechanical  strength,  rather  high 
terminal  voltages  were  needed  to  achieve  significant  velocity  change. 


(Received  for  publication  25  January  1984) 
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Budreau,  et  al  proposed  the  in-plane  configuration,  in  which  d<-  voltage  is 
applied  between  two  electrodes,  both  deposited  on  the  SAW  surface  and  lying  on 
either  side  of  the  propagation  region.  Because  the  electrode  gap  can  be  made 
much  less  than  the  plate  thickness,  this  configuration  can  have  higher  velocity 
sensitivity  to  dc  terminal  voltage.  For  convenience  in  fabrication  the  electrodes 
were  in  the  form  of  bars  approximately  50-SAW  wavelengths  wide. 

As  a  result  of  attenuation  in  the  metal  film,  the  electrodes  affect  the  SAW 
propagation  as  if  they  were  semi -infinite.  Shorting  of  the  HI'  electric  field  by 
the  electrodes  slows  the  SAW  propagating  beneath  them.  Thus,  the  SAW  propa¬ 
gates  from  input  to  output  transducer  in  a  high  velocity  channel  or  gap  between 

two  semi-infinite  regions  of  low  velocity.  This  arrangement  is  opposite  to  that 

4  5 

known  to  act  as  a  waveguide,  •  For  the  long  paths  needed  to  achieve  voltage 
sensitivity,  the  high  velocity  gap  may  have  large  diffraction  loss.  This  loss  is 
expected  to  increase  with  decreasing  gap  width. 


2.  OBJECTIVES  OF  THE  RESEARCH  EFFORT 

The  purpose  of  this  study  is  to  investigate  the  tradeoffs  between  propagation 
loss  and  voltage  sensitivity,  and  to  seek  improvements  that  can  be  achieved  by- 
modification  of  the  electrode  geometry.  Transducer  bandwidth  requirements 
strongly  favor-  the  high  coupling  cuts  of  LiNbO^,  for  which  the  relation  between 
velocity  change  and  elect rostat ic  field  has  been  obtained  experimentally.  For 
this  reason,  we  do  not  consider  improvements  in  voltage  sensitivity  that  might 
result  from  using  other  materials. 

Consideration  is  first  given  to  the  normal  field  configuration.  It  is  shown 
that  raising  the  electrode  slightly  off  the  sur  face  reduces  SAW  attenuation.  How¬ 
ever,  voltage  sensitivity  is  decreased. 

Diff  faction  loss  for  the  in-plane  configuration  is  then  investigated.  Scalar 
wave  theory  is  used  to  represent  the  2-D  SAW  propagation.  An  expression  is 
derived  for  the  diffraction  loss  due  to  wide  electrodes.  This  expression  confirms 
the  expectation  of  high  loss  for  long,  narrow  gaps. 

Two  methods  for  reducing  diffraction  loss  are  considered.  Ore  method 
employs  electrodes  whose  width  is  one  half  of  an  appropriately  defined  wavelength 
To  first  order,  these  electrodes  are  invisible  to  the  SAW,  so  that  the  diffraction 
loss  is  nearly  that  of  a  free  surface. 


4.  Schmidt,  R.F..  and  Coldren,  L.  A.  (15*75)  Thin  film  acoustic  surface  w  ave¬ 
guides  on  anisotropic  media,  IFFH  Trans.  SF -22:1 15-122. 

Tiersten,  H.  F.  (1909)  Elastic  surface  waves  guided  by  thin  films,  J.  Appl. 


a. 


Another  method  considered  to  reduce  diffraction  loss  employs  an  overlay  of 
acoustically  fast  material  deposited  on  top  of  the  electrodes.  For  suffieientlv 
thick  overlay,  the  SAW  under  the  electrodes  becomes  fast  as  compare  i  to  the  gap 
region,  so  that  the  configuration  acts  as  a  slot  waveguide.  ’’  This  case  involves 
a  mode  coupling  loss  that  is  independent  of  gap  length,  rather  than  diffraction  loss 


rather  than  diffraction  loss 


3.  BASIC  DEVICE  CONSIDERATIONS 

The  performance  of  electrostatically  varied  delay  lines  involves  three  i'.c n 
dispersion,  insertion  loss,  and  voltage  sensitivity.  Of  the  three,  lispi  •  , 
appears  to  be  the  least  significant  for  application  to  phased  array  ra  lar,  since 
serious  degradation  of  the  antenna  performance  occurs  only  for  velocity  changes 
greater  than  about  10  percent  over  the  operating  band.  Insertion  loss  and  voltage 
sensitivity  are  critical  factors,  and  changing  device  parameters  to  improve  one 
factor  frequently  makes  the  other  worse.  The  size  of  the  three  factors,  and  some 
suggestions  for  improvement  are  discussed  below  for  both  the  normal-field  and 
in-plane  configurations. 


3.1  Normal- Field  Configuration 

The  normal-field  configuration  is  shown  in  Figure  1,  including  a  modified 
electrode  configuration.  This  modification  employs  a  top  electrode  separated 
from  the  surface  of  the  piezoelectric  crystal  by  a  distance  II.  In  the  usual  device, 
the  top  electrode  consists  of  a  plating  of  thickness  h  deposited  directly  on  the 
crystal  surface  (H  =  0). 

3.1.1  DISPERSION 

For  thin  platings,  dispersion  is  proportional  to  ich,  where  u:  is  the  radian 
frequency  (u  =  2tD,  as  discussed  in  Reference  0.  A  conducting  plating  can  slow 
the  Rayleigh  wave  as  a  result  of  mass  loading,  over  and  above  the  slow  ing  due  to 
shorting  of  the  piezoelectric  field.  The  slowing  due  to  mass  loading  by  a  tiOO  A 
thick  At  plating  on  LiNbOg  is  given  by 


j-  J  2.  03  X  10'3 


f  1  -3 

j-  3.  142  X  10  ^ 

o 


(10-1  2  doublv  rotated) 


(37u  -  X) 


S.  Auld,  B.A.  (1973)  Acoustic  Fields  and  Waves  in  Solids.  Yol.  II,  Wiley  and 
Sons,  New  York,  pp.  274-278. 


where  h  is  in  ingstroir.s  and  t  1  GHz.  For  comparison,  the  free  sui  i  n  o 


attenuation  on  LiNbO^  is  given  in  Reference  8  as 


t>  =  2.  5  j-  j  +  0.  54  j  j-  j  dB  cm 


Thus,  at  f  =  1  GHz,  a  good  quality  film  of  thickness  tiOO  A  increases  the  attenua¬ 


tion  bv  fi.  5  JB  cm. 


Tsing  the  concept  of  viscositv  of  the  electron  gas  in  metal  films.  Sm  ler, 

q 

et  al  have  computed  t lie  attenuation  due  to  thin  Af  films  on  LiNbO...  l-  >,  kh 

•)  ’ 

small,  the  attenuation  is  proportional  to  u“h.  Scaling  their  calculations  at 


2-GHz  leads  to  the  expression 


'  f  “  /  h  m  . 

r  (Too  dB/oni 

o 


This  attenuation  is  somewhat  greater  than  the  measurements  1  and  has  a  different 
power  dependence  on  h.  Their  calculations  do  not  include  loss  in  the  LiNbO^ 
crystal  or'  dissipation  in  the  film  due  to  currents  generated  by  the  electric  field. 

In  spite  of  these  differences,  (2)  and  (4)  give  roughly  the  same  attenuation  Tor 
000  A  thick  films. 

Lifting  the  top  electrode  off  the  surface  (II  *  0)  eliminates  the  loss  due  to 
mechanical  vibration  of  the  electrode  material.  For  H  greater  than  about  a 
Rayleigh  wavelength,  the  currents  induced  in  the  electrode,  and  hence  dissipation, 
will  be  negligible.  However,  this  reduction  in  loss  will  be  accompanied  by  a 


reduction  in  scnsitivitv,  as  discussed  below. 


3.  1.3  VOLTAGK  SLN’SITIVITY 


Assume  that  the  change  in  SAW  velocity  is  due  to  the  electrostatic  bias  field 
K  present  within  the  crystal.  Then,  lifting  the  electrode  off  the  surface  will 


reduce  K  and  hence  reduce  the  change  in  velocity  per  applied  Volt.  Since 


i'o  -  +  eH),  where  V^.  is  the  applied  voltage  and  e  is  the  relative  dielec¬ 

tric  constant  normal  to  the  plate,  lifting  the  electrode  off  the  surface  reduces  the 
voltage  sensitivity  by  the  factor 


8.  Slobodnik,  A.J.,  Jr.,  Carr,  P.  H.  ,  and  Budreau,  A.  J.  (1970)  Microwave 

frequencv  acoustic  surface-wave  loss  mechanisms  on  LiNbO,,  J.  Appl. 
Phvs.  £1:4380-4387.  * 

9.  Snider,  D.  R.,  Fredricksen,  H,  P.  ,  and  Schneider,  S.  C.  (1981)  Surface 

acoustic  wave  attenuation  by  a  thin  film,  J.  Appl.  Phvs.  52:3215-3222. 


V- %■ 


t  +  fH  F+eTPt 


T 

If  H  T  5  and  t  =  10  mill  =  2a0  /am,  then  using  e  ~  e^x  84  for  I.iNbO.^  gives  the 
value  0.37  for-  the  Factor  (5),  while  a  gap  11  10  ijm  gives  the  value  0.23. 

3.2  In-Plane  Field  Configuration 

The  in-plane  configuration  shown  in  Figure  2  allows  the  Jc  bias  electrodes 
to  be  moved  closer  together  in  order  to  improve  voltage  sensitivity  and  to  avoid 

the  dispersion  and  loss  associated  with  the  deposited  film  of  normal-field  con- 
3 

figuration.  If  2b  s  2a,  then  the  film  does  not  lie  in  the  SAW  path,  and  hence  does 
not  cause  dispersion.  However,  the  film  does  increase  diffraction  loss,  which 
may  become  large  as  the  acoustic  aperture  2b  is  made  small.  Diffraction  loss  is 
considered  after  a  preliminary  discussion  of  the  effects  of  geometry  on  the  voltage 
sensitivity. 


Figure  2.  Top  View  of  the  Electrodes  for  the  In-plane  Field  Configuration 


3.2.1  GEOMETRICAL  EFFECTS 

The  electric  field  between  the  electrodes  is  shown  end-on  in  Figure  3.  Be 
cause  the  dc  electric  field  is  transverse  to  the  saggital  plane;  it  will  affect  the 
SAW  velocity  through  a  different  combination  of  crystal  constants  than  in  the 
normal-field  configuration.  The  significance  of  this  change  in  orientation  has 
not  vet  been  studied. 


Figure  3.  End  View  of  the  In-plane  Field  Configura¬ 
tion  Showing  the  Fringing  Static  Electric  Field 


In  addition  to  the  orientation  effect,  the  geometry  of  Figure  3  will  influence 
the  voltage  sensitivity  through  the  variation  of  E  over  the  range  -a  <  x  <  a.  A 

A 

simple  expression  for  F_^  along  the  crystal  surface  is  obtained  from  the  solution 
for  zero  thickness  electrodes  that  are  semi -infinite  in  x,  and  assuming  the  prin¬ 
cipal  axes  of  the  crystal  to  be  oriented  along  the  coordinate  axes  of  Figure  3. 
With  these  approximations  one  has^ 


[1  -  (x/a)" 


For  electrodes  of  finite  thickness  h,  (fi)  is  not  valid  for  a-x  less  than  about  h,  and 

E  remains  finite  as  x  —  a. 
x 

The  effect  of  the  spatial  variation  of  Ii  can  be  understood  from  Figure  2. 
Suppose  that  the  transducer  width  2b  is  sufficiently  large  (or  L  is  sufficiently 
small)  so  that  SAW  propagation  may  be  taken  as  being  parallel  to  the  z  axis.  For 
each  value  of  x,  the  SAW  velocity  VD(x)  will  be  different  due  to  the  non-uniformit\ 

n 

of  E  .  Thus,  the  phase  of  the  SAW  at  the  output  transducer  will  depend  on  x.  Foi 
small  changes  in  velocity,  the  phase  variation  with  x  is  given  by 


<5(x)  = 


u  L  __  /  uL  \  AV(x)~| 

VX)  ~  (VH  j  L  VH  J 


10.  Durand,  E.  (1933)  ElertrostaUque  et  Mugnetostatique,  Masson  Paris 
pp.  302-303. 


where  is  the  free -surface  Rayleigh  velocity.  If  A(x)  is  the  SAW  amplitude 
distribution  at  the  output  transducer,  the  output  voltage  V^p,  will  be  proportional 
to 


ik.L  hr  f  -ik.  LAV(x)/Vp  1 

VnT:,  ore  1  I  A(x)  e  1  K  dx 

-b 


'RF 


(7) 


where 


ki  -  vr 


(8) 


Assuming  that  AV(x)  is  proportional  to  FI  of  ((>),  then  AV/V„  can  be  written 

X  n 


AV(x)  VDC  2  1 


R 


=  ■>  2a  t r 


(£>) 


1  -  (x/a) 


where  •>  is  a  phenomenological  sensitivity  parameter.  Expression  (9)  is  symmetric 
in  x,  so  that  assuming  A(x)  is  also  symmetric,  (7)  reduces  to 


ik,  L 


VrF  oc2e 


■7 


A(x)  exp 


ik  L 

1K1L  v 


R  V  1  -  (a  x)2 


dx 


(10) 


where 


AV(0)  .  _DC  2_ 
VR  2»  ' 


(ID 


is  the  change  of  velocity  along  the  centerline  of  the  device. 

The  change  in  velocity  is  obtained  experimentally  by  measuring  the  change  in 
phase  of  the  output  voltage  with  applied  dc  bias  voltage.  As  seen  from  (10),  the 
change  of  output  phase  in  fact  represents  a  weighted  average  of  the  change  in 
velocity.  Two  aspects  of  the  integrand  make  the  central  portion  of  gap  between 
the  dc  electrodes  more  important  in  the  weighting  than  the  region  near  the 
electrodes  (x  —  a).  The  first  aspect  relates  to  the  variation  of  A(x),  while  the 
second  relates  to  the  rapid  phase  variation  as  x  -  a. 

In  general,  A(x)  will  decrease  as  the  ends  of  the  transducer  are  approached. 
For  a  >  b,  as  in  Figure  2.  the  integration  does  not  even  approach  the  edges  x  a 
of  the  dc  electrode.  Even  if  a  =  b  and  A(a)  is  not  small,  the  mi  !  variation  of 


phase  in  the  exponential  as  x  —  a  will  cause  the  integration  over  neighboring  half 
per  iods  to  cancel.  The  primary  contribution  to  (10)  comes  from  .1  range  of 
x  <  a  for  w  hich  1  ^  l  -  (x /  u)~  ~  1.  Thus,  we  may  approximate  (10)  as 

ik.L  -ik,AV(0)/V 

VRI,  v  2o  e  K  A(x)  dx  .  (12) 

o 

Kxpression  (12)  indicates  that  the  apparent  velocity  change  is  approximately 
the  value  rlV(O)  along  the  center  line.  Thus,  the  electrode  geometry  re  h  a  s  'la- 
voltage  sensitivity  by  2/t  as  compared  to  that  of  parallel  plane  elect!  h->  L  ving 
the  same  spacing. 

To  test  the  foregoing  model,  we  have  plotted  the  variation  of  AV(0)'\'  in  (11) 
with  gap  width  2a  in  Figure  4  superimposed  on  measured  values  of  sensitivity 
(AV/V^  per  Volt)  reported  by  Budreau  et  al.  The  amplitude  of  the  computed 
curve  has  been  normalized  so  as  to  p,.ss  through  the  measure  1  point  at  2a  40  pm. 
The  agreement  with  the  measured  variation  is  quite  good  considering  the  simplicity 
of  the  model. 

in  the  actual  devices  measured,  the  transducer  aperture  2b  was  greater  than 
the  separation  2a  between  the  electrodes.  The  SAW  fields  propagating  beneath  the 
electrodes  would  not  be  affected  by  the  dc  field  in  the  gap.  If  these  SAW  fields 
reached  the  output  transducer  they  would  affect  the  phase  of  the  output  voltage, 
and  hence,  the  apparent  SAW  velocity.  The  accuracy  of  the  simple  model  dis¬ 
cussed  above  suggests  that  these  fields  do  not  reach  the  output  transducer,  prob¬ 
ably  because  of  attenuation  due  to  the  film.  Consistent  with  SAW  attenuation  under 
the  film,  the  normal  component  of  dc  field  between  the  electrodes  and  the  ground 
plane  at  the  bottom  of  the  crystal  plate  does  not  seem  to  have  significantly  influ¬ 
enced  the  measured  SAW  velocity. 

The  largest  changes  in  velocity  reported  in  Reference  3  for  the  in-plane  ron- 
figuration  was  about  AV/Vp,  =  2  X  10  for  L  ■  14  mm  at  a  frequency  of  900  MHz. 
For  these  values,  the  phase  changes  along  the  centerline  due  to  applied  do  voltage 
is  kjl.,AV/Vp  ~  (0.000)2tt.  Because  the  phase  change  is  so  small,  the  variation 
of  phase  with  x  across  the  aperture  will  be  less  than  ir,  except  for  x  -  i.  As  a 
result,  little  phase  cancellation  will  occur  in  the  integral  of  (10).  Had  Hte  phase 
change  along  the  centerline  been  close  to  2 t,  then  significant  phase  cancellation 
would  result  in  the  integration,  and  one  would  expect  to  see  marked  variations  in 
the  amplitude  of  the  rf  output  voltage  with  applied  dc  voltage,  and  possibly  phase 
reversals. 

11.  Budreau,  A.J.,  Carr,  P.  H. ,  and  Bertoni,  H.  L.  (1983)  Highest  sensitivity 
electrically  variable  SAW  delay  line,  Proc,  1983  IFEF  Ultrasonics  Symp. 
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Figure  4.  Variation  of  Voltage  Sensitivity  With  Electrode  Gap  for 
the  In-plane  Field  Configuration.  Measured  points  are  taken  from 
Ileference  11  for  the  37-X  cut  of  LiN'bO^ 


In  the  next  section  we  discuss  insertion  loss  due  to  diffraction.  It  is  shown 
that  this  loss  can  be  reduced  by  using  narrow  dc  electrodes.  The  model  described 
above  indicates  that  width  of  the  electrodes  does  not  affect  sensitivity,  so  that 
some  improvement  in  loss  is  possible  without  sacrificing  sensitivity. 

3.2.2  DIFFRACTION  I. OSS 


The  dc  electrodes  shown  in  Figure  2  for  the  in-plane  configuration  slow  the 
SAW  propagating  beneath  them  due  to  piezoelectric  shorting  and  mass  loading. 
Because  of  the  slowing,  waves  propagating  parallel  to  the  edge  of  the  electrode  in 
the  free  surface  region  will  be  refracted  at  a  finite  angle  8 into  the  electrode 
region,  as  shown  in  Figure  2.  As  a  result  of  this  refraction,  less  energy  will 
reach  the  output  transducer,  and  hence  path  loss  will  increase. 

An  integral  expression  for  the  diffraction  loss  due  to  wide  dc  electrodes  is 
derived  in  Appendix  A.  Because  the  fields  propagating  beneath  the  electrodes  for 
the  case  when  the  transducer  aperture  (2b)  is  greater  than  electrode  spacing  (2a) 
do  not  seem  to  contribute  to  the  output,  we  have  treated  the  simpler  case, 

2a  ?  2b.  Using  Fourier  transform  techniques  and  deforming  the  path  of 
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integration,  it  is  found  that  for  electrode  spacing  wide  compared  to  SAW  wave¬ 
length,  the  diffraction  loss  between  the  transducers  is  given  bv  the  factor 
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e  ffn^)  dr^ 
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where 
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In  these  expressions  and  k  are  the  wave  numbers  along  x  and  z,  respec¬ 
tively,  of  a  SAW  propagating  on  the  free  surface  of  the  piezoelectric  crystal.  For 
the  same  wave  number  k  along  z,  a  SAW  propagating  in  the  elect roded  region  has 
wave  number  n2  along  x.  Thus,  k  and  n2  may  be  regarded  as  functions  of 
Finally,  kj  is  the  free  surface  SAW  wave  number  for  a  wave  propagating  in  the 
z  direction.  In  the  parabolic  approximation. 
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(15) 


Here  k„  is  the  plated  surface  SAW  wave  number  for  a  wave  propagating  along  z 
2  2  2 
andoj  (i  =  1,  2)  is  related  to  the  anisotropy  parameter  y  d  V(ft)  dff  of 

Reference  12  via 


=  1  +  ■>, 


(l'i) 


In  the  case  when  n1  =  n2,  so  that  SAW  propagation  on  the  plated  surface  is  the 
same  as  the  free  surface,  it  is  seen  from  (14)  that  f(>ij)  =  1.  For  this  condition 
(13)  reduces  to  the  ordinary  diffraction  loss  between  two  uniform  IDT’s.  If 
n2  -  r)^  «  rij,  it  is  argued  in  Appendix  A  that  for  a  »  b,  (13)  reduces  to  the  value 
obtain  for  a  free  surface,  as  is  to  be  expected.  The  integration  in  (13)  cannot  be 
expressed  in  terms  of  tabulated  functions,  and  must  be  evaluated  numerically. 

12.  Szabo,  T.  L.  ,  and  Slobodnik.  A.J.,  Jr.  (1973)  The  effect  of  diffraction  on  the 
design  of  acoustic  surface  wave  devices,  IKl-H  Trans.  SF-20:240-251. 


While  numerical  integration  is  in  general  required  to  evaluate  ( 1  -i > ,  simple 
analytic  approximations  can  be  obtained  in  the  free  surface  case  for  large  1.. 
Using  the  approximation 
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it  is  seen  that  the  exponential  will  go  through  rapid  variations  outside  the  range 


0  <  n  t  ^ 


I  2 

c,\ XXL 


The  rapid  variations  in  turn  result  in  cancellation  for  the  portion  of  the  integration 


interval  outside  of  this  range.  If  this  range  of  rj,  lies  within  the  central  lobe 

9  1 

0  <  p.  S  tt  1  b  of  (sin  p  b/p^b)“,  then  this  function  may  be  approximated  bv  unitv. 


The  requirement  that  the  upper  limit  of  the  range  be  less  than  jr/b  is  equivalent 
to  the  far-field  condition 


for  transducers  on  a  free  surface. 


For  a  free  surface  f(p^)  =  1  so  that  using  (17),  Dj  of  (13)  becomes 


00 
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This  expression  gives  the  well  known  fact  that  diffraction  loss  varies  as  1  VT 


for  large  L. 

When  the  dc  electrodes  are  present,  it  is  not  simple  to  approximate  D^.  In 


Appendix  C  an  approximation  is  derived  for  case  a  =  b,  when  k^b  is  large  and 


F  >  3.  The  approximation  derived  there  gives 
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where 


As  an  example,  ignoring  mass  loading  effects  of  the  electrodes,  for  37-N  LiNbO,. 
B/b  =  1,23  b/X^,  where  X^  is  the  wavelength  in  the  direction  of  propagation  on  the 
free  surface.  Then, 


0. 811  e 
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If  b  =  10X^  and  F  <  50,  the  term  containing  the  exponential  is  larger  than  the  alge 
braic  term,  and  can  even  be  larger  than  for  a  free  surface. 

In  order  to  understand  the  variation  of  D^  with  the  parameters  L  and  b,  we 
have  numerically  evaluated  the  integral  in  (13).  The  results  .re  plotted  m  Fig¬ 
ure  5,  together  with  the  diffraction  loss  for  a  free  surf  ace.  For  a  narrow  gap 
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Figure  5.  Variation  of  Diffraction  Loss  With  Distance  Parameter  F 
for  an  Electrode  Gap  2b 


between  the  electrodes,  the  diffraction  loss  is  greater  than  for  a  free  surface,  and 
it  increases  rapidly  for  F  greater  than  about  5.  For  wide  gaps,  the  diffraction 
loss  can  be  less  than  the  free  surface  loss  over  some  range  of  F.  However,  for 
large  F  the  diffraction  loss  increases  rapidly  and  becomes  greater  than  the  free 
surface  loss. 

Application  of  the  in-plane  field  configuration  requires  narrow  gaps  2b  for 
voltage  sensitivity  and  long  paths  of  propagation  I.  to  achieve  large  changes  in 
time  delay.  For  this  choice  of  parameters,  the  use  of  wide  electrodes  leads  to 
an  increase  in  diffraction  loss  over1  that  of  a  free  surface.  In  the  next  section  we 
consider  me'hods  for'  reducing  diffraction  loss. 


4.  REDUCTION  OF  DIFFRACTION  LOSS  FOR  THE  IN  PLANE  CONFIGURATION 

3 

The  measurements  of  Budreau,  et  al  indicate  that  for  the  high  coupling  cuts 
of  I . i \ b G„ ,  the  in-plane  configuration  suffers  from  low  sensitivity  of  the  velocity 
to  applied  electric  field  (V/m),  as  compared  to  the  normal-field  configuration. 
Since  the  dc  bias  electrodes  can  be  made  much  closer  for  the  in-plane  configura¬ 
tion  than  for  the  normal-field  case,  the  sensitivity  to  applied  terminal  voltage  can 
be  made  higher.  However,  bringing  the  dc  electrodes  closer  together  has  been 
seen  to  increase  diffraction  loss. 

In  this  section  we  discuss  modifications  of  the  electrodes  to  reduce  this  loss. 
The  first  type  of  modification  employs  electrodes  of  narrow  width  w.  The  second 
employs  surface  platings  in  the  region  |  x|  >  b  that  stiffen  the  surface,  thereby 
creating  u  slot  waveguide  in  the  region  between  the  dc  electrodes. 


4.1  Narrow  Electrodes 

Wide  electrodes,  whose  attenuation  makes  them  appear  to  be  semi-infinite, 
conduct  energy  away  from  the  fields  in  the  gap  and  thereby  increase  diffraction 
loss.  One  possible  approach  to  reducing  this  loss  is  to  use  narrow  electrodes  to 
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prevent  the  energy  from  being  lost.  Electrodes  of  finite  width  w  act  as  AV/V 

waveguide.  Thus,  the  field  reaching  the  output  transducer  will  be  composed  of 

modes  guided  by  the  electrodes,  in  addition  to  the  unguided  fields  that  are  similar 

to  the  fields  on  the  free  surface  of  a  crystal. 

The  reduction  Dj  in  the  output  voltage  due  to  diffraction  loss  can  be  separated 

into  a  component  D.  representing  the  effect  of  the  unguided  field,  and  D  represen- 
*  & 
ting  the  effect  of  the  guided  waves.  Thus, 
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I Expressions  for  Dp  and  Dff  are  derived  in  Appendix  B.  Neglecting  lrssipition  of 

.  u  ~  „..:a~a  . . „  ,  u..  _  , _ J«  „  i . , . . —  .  I  ra  \  .  .  i,  ......  ti,„ 


the  guided  waved  bv  loss  in  the  electrode  platings, 


is  in  iepen  lent  of  the 


separation  L  between  the  tr  ansducers,  but  decreases  r  .pi  My  with  separation  2a 

2 

between  the  electrodes.  On  the  other  hand.  Dp  decreases  with  ’he  ratio  l./b". 

The  loss  Dp  due  to  the  unguided  fields  is  given  by  (Id),  witli  f(n^)  replaeeri  by 
(B7).  Further  manipulation  of  (B7)  yields 

If  1  9 

r( rj i )  {  cos  rj.jiv  sin  ■*  (n.,/r)p)  sin  r)9w  cos  n^a 

+  j^cos  r| 9 w  cos  rj p a  -  ( r) ^ / r; ., )  sin  n9w  sin  rj^a 


The  functional  dependence  of  f(n^)  is  sufficiently  complex  that  it  is  not  easily 
seen  how  to  choose  u  to  optimize  Dp.  For  the  case  when  w  -  0,  or  the  case  when 


iiiiu  ir  p  <1  9  SO  that  1)^  r]  p  ,  I  >  .  ...  t  L IOI  .  .hoi  off./  i  ,  .i  ii.t 

the  value  for  a  free  surface.  The  free  surface  condition  may  be  approximated 
for  finite  w  if  it  is  chosen  such  that 


it  is  easily  established  that  f(pp)  -  1,  which  is 


wpgM))  ;  w  W  k9  ‘  kj 


iAi =  t 


I  sing  such  half-wave  electrodes.  f(0)  =  1. 

4.  1.  1  HALF-WAVE  ELECTRODES 

To  evaluate  the  diffraction  loss  for  electrodes  of  width  w  satisfying  (23),  we 
observe  that  the  principle  contribution  to  (13)  comes  From  the  interval  0  S  rj^  S  ir/b, 
where  ir/b  «  ^  k9  -  k ~jn  ^ .  Thus,  we  may  use  an  approximation  for  f(rij).  To 

develop  the  approximation  we  make  use  of 
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For  w  satisfying  (23),  to  order  »ip 
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sin  rig'''  = 
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lTsing  (24)  and  (25)  in  (22),  vve  find  that 


lj)  =  |  sin  r)1a  -  -j-  ( °  i /° 2 )  ^1  cos  r,la  + 


|cos  rjjii  +  0(pj)j 


In  (28)  we  have  not  approximated  sin  n^a  or  cos  p^a  since  for  a  >'•  >j,  they  can 
vary  significantly  over  the  range  of  p^  giving  the  primary  contribution  to  (13). 


Neglecting  powers  of  p^  greater  than  the  first 
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When  this  expression  for  f(ri^)  is  substituted  into  (13),  the  fi  rs*  term  ir.  (2  7)  gives 

the  diffraction  loss  for  a  pair  of  transducers  on  ..  free  surface.  The  second  term 

in  (27)  gives  a  correction  that  is  small  since  the  integrand  varies  as  p”  for 

small.  Thus,  the  presence  of  the  electrodes  will  result  in  only  a  small  change  in 

the  diffraction  loss  over  that  of  a  free  surface. 

When  the  far-field  condition  (18)  is  satisfied,  (13)  can  be  approximated  m 

closed  form.  In  this  case,  the  range  of  p,  giving  the  primary  contribution  to  the 
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integral  is  determined  by  the  exponent,  rather  than  (sin  p  b/p^b)  .  Thus,  we  may 
approximate  sin  p^a  «  p^a  and  cos  p^a  =  1.  With  these  approximations  and  the 
help  of  (17)  we  have  for  a  =  b 


i  -i  slILjs. 

b  2  2F 


For  b  large  compared  to  w,  the  correction  term  in  (28)  will  have  only  a  small 
effect  on  I  DjJ  . 

When  w  satisfies  (23),  the  n  =  1  mode  is  at  cutoff,  and  hence  gives  vanishing 
contribution  to  (B20).  Thus  we  need  keep  only  the  n  =  0  mode  in  (B20)  and  obtain 
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where  v  is  the  decay  constant  along  x  of  the  guide  1  wave  'del  Is  in  the  free  surface 
region,  and  n.,  and  k  are  found  from  (l  a)  with  rij  iv^ 

To  estimate  the  size  of  I  1)  '  relative  to  1  D  I  we  make  use  of  ‘he  rompu'ations 

g  f 

of  Reference  8  for  w  avegui  ies  on  \  -  7.  1 .1  \h< )  .  Assuming  b  ..  and  that  y  h  >  2, 
it  is  found  that 

!  D  !  =  1. 220,  h)  0.  8*;c,  (v  M 

g  1  o 

If  wide  transducers  .re  use  1  so  '  h  .*  I  -  1,  'hen  A,  ■«  h  and  I)  «  I).  .  I  o-  •• 
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case  the  guided  wave  give  >nl>  >  sm  .11  ron'ributi  >n  'o  the  output  volt,  l  .  1:  • 

guided  wave  may  result  m  some  .-mplitu  ml  ph.se  ripple  with  frequ<  .  -irve 
its  propagation  constant  «(iy  )  is  lifferen*  from  k^. 

4.1.2  O'l  f IKK  Kl.l  C  TIiODi:  W  IDTHS 

Klectrodes  that  are  all  integer  multiple  of  the  w  id'll  given  by  (2d)  will  also 
lead  to  approximations  for  f(/i.)  simil  .t  to  (27).  The  presence  of  such  elect  codes 
will  therefore  only  slightly  perturb  Df  from  its  value  for  ..  free  surface.  However, 
such  electrodes  will  have  more  modes  above  cutoff,  thereby  complicating  the 
phase  and  amplitude  dependence  of  1)  vith  frequency. 

The  half-wave  electrodes  result  in  less  diffraction  loss  because  they  are,  to 
first  order,  invisible  to  a  SAW  propagating  dong  the  z  axis.  One  is  led  to  specu¬ 
late  that  an  improvement  in  the  loss  could  be  achieved  if  the  electrodes  reflected 
the  SAW  back  into  the  gap  between  the  elect  codes.  Quarter-wave  electrodes,  hav¬ 
ing  width  half  that  given  by  (23),  would  have  the  largest  reflection  coefficient. 
Unfortunately,  the  reflection  coefficient  is  negative,  as  can  be  seen  from  (B3)  for 
rj j  =  0  and  >t,w  -  z  2  so  that  reflected  waves  add  destructively  with  those  still 
propagating  in  the  gap.  This  result  can  also  be  seen  from  !'(rjj)  in  (22).  if 
n9(0)w  -  7  2,  then  cos  rj^w  =  0,  sm  r).,w  s  1  an!  for  rij  small 

nl 

f(n.)  =  ttt  — 

1  n9(0)  cos  >.^a 

Because  f(n^)  depends  linearly  on  ijj,  the  in»<  gr.d  in  (13)  is  sm  .Her  than  it  would 
be  for  a  free  surface. 

4.2  Slot  Wa\eguides 

One  it.iv  to  achieve  a  narrow  gap  between  electrodes,  without  inert  •■-mg  the 
diffr  .cion  loss  i.-  to  plate  the  electro  les  of  Figure  2  with  a  mater:  1  such  ,.s  \f  \ 


that  stiffens  the  surface.  '  If  the  SAW  velocity  is  thereby  increased  over  the 
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free  surface  SAW  velocity,  the  gap  region  will  act  as  a  waveguide.  ’ 

If  the  electrode  consists  of  a  very  thin  metallization,  then  the  mechanical 
perturbation  of  the  surface  will  be  due  only  to  the  film  used  to  stiffen  the  surf  ice. 
To  first  order  for  thin  platings,  the  electrical  shorting  and  mechanical  loadings 
are  additive  effects.  Thus,  for  thin  platings  of  hexagonal  material,  such  ,,s  Af  N, 
with  C  axis  normal  to  the  surface,  the  wave  number  k9  under  the  plating  is'1 


Here,  Vj  is  the  SAW  velocity  along  z  on  a  free  surface,  and  AY  V ^  is  the  velocity 
change  due  to  shorting  of  the  piezoelectric  fields.  The  plating  material  has  thick¬ 
ness  h,  mass  density  p ' ,  and  elastic  stiffness  constants  s  in  the  coordinate  sys¬ 
tem.  where  Z  is  along  the  C  axis.  Finally,  v  vv>  and  v^  are  the  particle  veloc¬ 
ity  components  at  the  surface  y  0  of  a  SAW  carrying  power  along  z  of  P  Watts 
per  meter. 

Reference  14  lists  the  compliances  C.^  for  Af  X.  If  these  are  used  to  obtain 
the  s..  elements  as  if  the  material  were  non-piezoelectric,  then 
1  / s  r  =  1.  10  X  10 1 1  (N/m2)  and  s. ,  (s?  .  -  s'  )  -  1. 3  3  X  10 1 1  (Nf  m2).  Also, 

tit)  „  o  1111  la 

p  -  3.20  X  10  K  /rn  so  that  for  the  37-X  cut  of  LiX’bO.^  I  depression  (30)  becomes 

k  — 

- -=  0.0208  -  0.222  h  i  .  (31) 

kl  1 

It  is  seen  that  a  layer  of  thickness  h  ~  0.  12>j  is  necessary  to  overcome  the  slow  ¬ 
ing  resulting  from  shorting  of  the  electric  field.  The  first  older  perturbation 
theory  leading  to  (31)  may  not  be  accurate  for  films  of  this  thickness,  and  a  more 
accurate  computer  calculation  is  required  to  establish  the  actual  value  of  h  needed 
to  overcome  the  slowing  due  to  the  conducting  film. 

13.  Carr.  P.  ,  Private  conver  sation. 

14.  Tsubouchi,  K.  ,  Sugari,  K.  ,  and  Mikoshiba.  X.  (1082)  Zero  temperature 

coefficient  surface  -neons'  ie -w  a  ve  levices  using  epitaxi  il  Af  X  films. 

Proc.  1982  Ultrasonics  Symp.  .  pp.  340-343. 


Tar  • : .  1  ■ '  K  <  ‘ •  pi  stags,  the  SAW  velocity  V.,  ic  k.,  '.'.ill  !>(■  gt  'll 

[>(■(•  surface  v< lority  V  .  The  highest  SAW  velocity  possible  is  linv’o-l  is. 
vehvp\  if  •!'(■  she.tr  •  ,ve  pr  mag  it  mg  parallel  to  the  sit.-f.iee.  1”.  .tings  ’! 
Murk  enough  ruse  the  SAW  velocity  above  the  shear  u  .  ve  velocity  a  til 
the  SAW  to  le.tk  energy  into  the  hulk  of  the  crystal.  The  slowest  of  the  tv. 
.v  ivt  s  prnp.igu’ing  vlong  x  it;  L.iNbO^  has  velocity  that  is  1.022  titties  Hay! 
vcloei’v  on  *he  37-X  rut.  Therefore,  fk.,  -  k^)  'k^  -0.022  for  the  SAW  a 

plating  to  he  ,i  houn  1  -a  ave. 


UtV  le  r  ' la 


The  ron  litioti  neress.irv  for  gui  lance  of  a  wave  bv  a  slot  A.ivcgui  le  ,  s  th 


lie  between  'lie  shear  wave  number  ml  kj .  When  this  condition  is  so;  " 
a  ave  numbers  «  of  the  propagating  waveguide  modes  lie  beta  eon  kj  "  i  ■ 
that  r,.,  is  imagin.trv  ..nd  is  real.  The  dispersion  relation  for  the  gut  It 
of  even  svtnme'  r\  -bout  tlu  centerline  x  0  is 


I  w.ives 


'1;  1'J]  '  in  1/jb  (22) 

a  here  q  ^  and  n.}  art-  related  tOK^  via  (AO),  liquation  (32)  may  be  solved  graph¬ 
ically  for  using  the  construction  of  1-  igut  <  HI  with  subscripts  1  .nd  2  inter  - 
changed  atrl  2b  use  !  for  a.  Because  the  transducers  arc  symmetric  about  the 
centerline,  only  the  symmetr  ic  (q  0,  2,  4  .  .  .  )  modes  need  be  considered. 

The  dispersion  of  slot  waveguide  modes  is  discussed  in  Reference  4  for  the 
case  of  dielectric  layers  on  anisotropic  substrates.  The  presence  of  the  shorting 
layer  will  modify  somewhat  the  dispersion.  In  any  case,  the  phase  velocity 

V  u  s  of  the  guided  waves  must  lie  between  V,  and  V.,.  Since  V„  must  be  less 
n  n  ”  12  2 

than  the  shear  wave  velooitv,  the  difference  between  V  and  V,  can  be  no  more 

n  1 

than  a  few  percent.  As  a  result,  mode  dispersion  will  not  be  a  significant  factor 
in  the  application  of  gap  guides  to  phase  shifters  for  phased  array  radar,  if  two 
or  more  modes  can  propagate,  differences  in  their  phase  velocities  may,  however 
produce  undesirable  amplitude  variations  with  frequency. 

The  output  voltage  in  the  presence  of  the  guide  can  be  obtained  by  modifying 
the  analysis  of  Appendix  A.  In  [Expression  (A14),  the  poles  of  the  integrand  are 
those  of  the  factor 


1  -  re 


-  ip.7  tan  rtjU 
')2  -  1nl  tan  r^a 


It  is  seen  from  (33)  that  the  poles  occur  a*  the  roots  of  the  dispersion  tel  'ion, 
Hq.  (32),  for  the  gui  Jed  waves.  Referring  to  Figure  A2,  the  poles  ussoei  .ted 


*  %  -  * 


ill;  the  mo  les  pn)|).u;.i’i:ig  m  i hi-  posit  1  v<-  /  li n  i  t  ion  ;irc  locate  1  ..lorn;  ‘he  real  k 
axis  to  the  right  of  tlic  branch  point  k.,. 

When  the  integration  path  is  do  forme  1  aroun  1  the  branch  out  through  k,;,  thos 
poles  are  captured.  The  output  voltage  duo  to  the  poles  is  therefore 


4  X 


sin  iijb 


n |  -  i»h,  tan  it, a  n 

<TJ-j  *  I'l,  'an  11,3)  "l 


where  the  sum  is  taken  over  the  propagating  mo  les  and  ijj  and  tj.,  are  evaluated  at 
the  modal  wavenumber  k  .  Making  use  of  (15)  m  l  Kq.  (32).  and  normalizing  (34) 
by  the  Factor  (BO),  the  contribution  to  the  diffraction  loss  from  the  guided  waves 
is  found  to  he 


hbY  ki 


1 2a  +  1 


i  (k  -k.)U 
n  1 


—  eos  n^a  +  sin  r),a 


The  contribution  to  the  output  voltage  from  the  continuous  spectrum  is  repre¬ 
sented  by  the  integration  around  the  branch  cut  originating  from  k  in  the  k  plane. 

2 

Because  of  the  factor  (sin  Pjb/p,b)~,  the  contribution  from  the  continuous  speo- 
t  rum  will  be  small  if  at  k  ;  k.,.  p^b  ->  With  the  help  of  ( A f>)  this  condition  is 


1  >  W 


Alternatively,  for  F  large,  phase  cancellation  due  to  the  exponential  term  will 
make  the  contribution  from  the  continuous  spectrum  small.  We  do  not  consider 
this  contribution  further. 

Condition  (3 f!)  also  implies  that  two  or  more  modes  of  the  slot  guide  are  prop¬ 
agating.  As  an  example,  suppose  that  kg  is  1  percent  smaller  than  k^.  Using 

0.892  for  37-X  LiNbOg, 

b  ^  kj  -  -  (0. 317)jrb/Aj  . 


A  gap  2b  slightly  larger  than  will  satisfy  (30).  _ 

To  estimate  of  (35)  let  a  =  b,  a  1  -  o2  and  assume  that  by  k^  -  k  '2/°  i  =  jt. 
Under  these  conditions  the  second  mode  will  be  at  cutoff  with  n„  0,  and  hence 


will  give  a  zero  contribution  to  (35).  With  the  approximation  rj^b  *  t '2  for  the 
lowest  mode  gives  with  the  help  of  (15) 


The  n  =  0  term  in  (35)  then  gives 


corresponding  to  -4.  5  dB  loss  independent  of  L.  For  comparison,  consider  elec- 

2 

trodes  that  are  not  stiffened.  If  2b  =  GA^  ando^L/Aj  is  250  or  greater,  then 
F  >  7  and  the  diffraction  loss  is  more  than  25  dB.  Thus,  a  substantial  reduction 
in  diffraction  loss  can  be  achieved  for  narrow  dc  electrode  spacings  by  plating 
over  the  electrodes  with  a  material  that  stiffens  the  surface. 

5.  RECOMMENDATIONS 

In  order  to  compare  the  various  electrode  configuration,  we  consider  1-GHz 

SAW  devices  on  38-X  cut  LiXbO_.  This  cut  was  found  to  give  the  highest  voltage 

J  3 

sensitivity  for  both  the  normal-field  and  in-plane  configurations.  For  the  nor¬ 
mal-field  case,  an  applied  field  of  1  MV/m  gives  a  velocity  change 
AV /Vp  =  1.5X10  1  in  an  L  =  1.4  cm  path.  For  the  in-plane  case 
AV/VR  =  6.  2  X  10"6  for  VDC/ 2a  =  1  MV/m. 

Based  on  the  foregoing  values,  we  have  computed  the  dc  voltage  necessary  to 
produce  a  change  in  delay  of  1/2  an  rf  cycle  (180°  phase  shift)  at  the  output  trans¬ 
ducer.  These  values  are  listed  in  Table  1  for  a  1-GHz  SAW.  For  the  raised 
electrode,  the  factor  (5)  was  used  in  computing  VQ£. 

Propagation  loss  is  also  listed  in  the  table.  For  a  plated  electrode  in  the 
normal-field  configuration,  the  loss  over  free  surface  attenuation  is  due  to  loss 
in  the  film.  The  transducers  are  assumed  wide  enough  to  make  diffraction  loss 
negligible.  For  the  in-plane  configuration,  loss  represents  the  asymptotic  forms 
of  valid  for  transducers  that  are  short  enough  so  that  F  >  1.  In  the  case  of 
slot  waveguide,  the  loss  represents  mode  coupling,  which  depends  on  2b,  but  is 
independent  of  L.  The  value  -5  dB  is  for  2b  =  6A,  ~  24  pm. 


It  is  seen  from  Table  1  that  relatively  long  paths  are  required  to  ichiove 
1/2-eycle  delay  changes  with  dc  voltages  under  100V.  Propagation  loss  will  be 
significant  in  all  configurations.  I'sing  slot  waveguides  gives  the  lowest  attenu¬ 
ation. 

The  foregoing  conclusion  suggests  that  slot  guide  deserves  further  considera¬ 
tion  as  a  basis  for  phase  shift  devices.  It  is  important  to  determine  the  effect  of 
losses  in  the  metal  film  and  ACS  plating  on  the  guided  wave  attenuation.  A  more 
rigorous  theory  must  be  employed  to  compute  dispersion  for  SAW  propagation 
under  the  plating,  including  the  effects  of  finite  metal  thickness  and  the  piezo¬ 
electric  properties  of  At  S.  When  computing  the  dispersion  of  modes  in  the  slot 
waveguide,  it  may  also  be  necessary  to  account  for  effects  at  the  edge  of  the 
plating,  which  are  known  to  be  important  for  gratings.  Finally,  the  use  of  narrow 
electrodes  may  reduce  loss  and  improve  confinement.  Criteria  for  determining 
the  width  of  the  narrow  electrodes,  and  their  location  with  respect  to  the  edge  of 
the  At  N  plating,  should  be  developed. 


Table  1.  Attenuation  and  Voltage  Sensitivity  for  1-GIIz  SAW  on  the  38-X  Cut  of 
LiNbO„ 


Propagation  Loss  Over 
Free  Surface  Attenuation 
of  -2.  5L  dB 

VDC  for 

1,  2 -Cycle 
Delay  Change 

-7L  dB 

469/  L 

Normal  field  configuration* 
(250-jjm  thick  plate,  wide 
transducers): 

plated  electrode  (H  =  0) 


raised  electrode  (H  -  5  (im) 


1,  2f>0  'L 


In-plane  configuration' 

(2a  =  2b  several  wavelengths): 

wide  electrodes 


half-wave  electrodes 


lowest  mode  of  slot 
waveguide 


-1. 8-1.79  X  106  L/(2b)3  d B 
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Appendix  A 


Diffraction  Loss  Due  to  DC  Electrodes 

In  order  to  compute  the  diffraction  loss  due  to  the  dc  electrodes  in  Figure  2 
we  assume  them  to  be  semi-infinite  in  x  and  infinite  in  z.  For  wide  electrodes 
that  are  slightly  lossy,  as  is  typically  the  case,  the  foregoing  assumptions  allow 
us  to  accurately  model  the  diffraction  loss  in  the  simplest  possible  structure. 

The  resulting  geometry  is  shown  in  Figure  Al.  The  electrode  separation  2a  is 
assumed  to  be  greater  than  or  equal  to  the  transducer  aperture  2b.  Finally,  the 
SAW  velocity  in  the  plated  region  2  is  assumed  to  be  slightly  smaller  than  that  of 
the  free  surface  region  1. 


m 


Previous  studies 


h  i  ve  .-ho  a  :i  1 1:  •  i  hi-  S 


\\\  atiplitu  l<  i-  m  he  les.-i  da-  1  by  - 
jvventj.il  funet  ton  4<  (x,  :■).  Km  eryst.il  ••uts.  -u.-h  :is  '<7  -  N  1 .1  \b( )  'hot  -.itisfv 
'he  p.ir  .bolie  approxii  i  -tion,  :  \  .v  ?(.,  S,(U!  ees  the  potent i  d  I'unrtMr,  m 

regions  i  1,  2  s.i'isfu-s  ’.hi-  .,ve  equ.it  ton 

/  •>  ■>  \ 

/  ■>  ,V"  7\~  ■>  \ 

I  o'  — -  •  — T  -  k~  J  'I-  (x.  /I  0  .  (A  1 

\  -1  ■'  ! 

Here  k  is  the  wave  number  of  the  SAW  propagating  in  the  /.  direction  under.,  is 
.1  •>  •)  .1 
related  to  the  anisotropy  parameter  y  d”V(0)  dW"  of  Reference  A2  via 

<>2  1  Mi  •  (A2 

.Note  that  we  are  concerned  with  waves  propagating  primarily  along  z,  with  only  a 
small  x  variation,  so  that  the  parabolic  approximation  is  appropriate. 

To  find  the  SAW  generated  by  the  transducer,  we  represent  the  transducer  by 
a  collection  of  point  sources  6(x  -  x')6(z)  along  the  interval  -b  <  x'  <  b.  For  each 
point  source  the  potential  'I'glx,  z.  x')  must  satisfy 

|o2  +  k2  )*  -  6(x  -  x')  6(z)  .  (A3 

1  -1  ax2  az2  -1  /  « 

If  we  further  employ  a  Fourier  integral  representation  along  z,  then  for  time 
dependence  exp  (-iut), 


^  (x,  z,  x') 
g 


2ir 


4>(x,  X1,  K  )  e*K  z  d« 


(A4 


The  transform  <i>(x,  x'.k)  satisfies  the  equation 


2  a2 

i>  .  ■ — r 

•1  ax2 


$  -  ft  (x  -  x') 


(A5 


Al.  Schmidt,  H.K.,  and  C'oldren,  K.  A.  (1973)  Thin  film  .acoustic  surface  wave¬ 
guides  on  anisotropic  media,  1 1  IKK  Trans.  SU-22: 1 15-122. 

A2.  Slobodnik,  A.J.,  Jr.,  Carr,  P.  H.  ,  and  Iludreau,  A.J.  (1970)  Microwave 
frequency  acoustic  surface-wave  loss  mechanisms  on  LiNbO-,  J.  App). 
Phvs.  41:4380-4387.  - 


To  find  the  field  at  the  output  transducer  it  is  necessary  to  integrate 

^  (x  z;x')  over  the  aperture  -b  <  x'  <  b.  The  output  voltage  is  then  found  bv  mte- 

g 

grating  the  field  over  the  output  transducer  -b  <  x  <  b.  Thus,  the  output  voltage 


vo  =  Q 


9  (x,  L;x')  dx  dx' 
g 


where  Q  is  some  constant  of  proportionality.  Interchanging  the  order  of  integra¬ 
tion  over  x\  x  with  that  of  the  integration  over  x  allows  us  to  write 


00  *2.  b 

v0  =  ft  /  If 

-00  -b  -b 


$(x,  x1,  k)  dx  dx'  e  K  "  dx 


Substituting  from  (A10)  for  $(x,  x';k)  and  carrying  out  the  integrations  over 
x'  and  x,  one  obtains,  after  some  manipulation 


00 

V  f 

0  -  2  / 

lffai  -i 


sin  n^2  1  +  r  el2rila 


n,b  I  i2rj.  a 

1  /  1  -  r  e  1 


sin  2”lb  b  e1KL 


Since  for  small 


sin  2^  b  2  3 

~2 - m  ~  1  T  ,Ilb 


the  only  pole  singularities  of  the  integrant  occur  at  fhe  roots  of 


1  -  T  e 


Using  (A7),  it  can  be  seen  that  the  integrand  in  (A14)  is  independent  of  the  sign  of 
rj^,  so  that  its  only  branch  points  occur  at  k  -  ik7,  where  rj9  -  0. 

The  branch  points  ±kg  in  the  complex  k  -  plane  are  indicated  in  Figure  A2. 
together  with  the  associated  branch  cuts.  The  integration  path  implied  in  (Al  l)  is 
also  indicated.  With  these  cuts,  Im  rjg  -  0  on  the  top  Kiemunn  sheet,  ,.nd 
Re  r>2  ^  0  along  the  portion  of  the  integration  path  in  the  interval  -k9  •  «  <  k 
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In  addition,  the  branch  points  k  =  ±k^  of  the  function  are  indicated  in  Figure  A2, 
along  wi*h  the  associated  branch  cuts  (shown  dashed).  These  cuts  are  no'  needed 
to  evaluate  (A14),  but  will  clarify  the  subsequent  discussion. 


DEFORMED  - 
PATH 


ORIGINAL  path  of  integration 


BRANCH  CUTS  OF 

-  branch  cuts  of 


Figure  A2.  Integration  Path  in  the  Complex  k  Plane 


Taken  together,  the  terms  in  the  curved  brackets  of  (A14)  vanish  for  |k  |  -»  -c. 
Thus,  for  L  >  0,  fhe  integration  path  may  be  deformed  into  the  upper  half  plane, 
as  shown  in  Figure  A2.  For  k9  k^,  the  pole  singularities  of  (A14)  will  be  of  the 
leaky  wave  type,  and  hence  lie  on  the  Hiemann  sheet  for  which  1m  r)0  <  0.  Such 
poles  are  not  intercepted  during  the  deformation  indicated  in  Figure  A2. 

Along  the  new  path,  is  real  and  the  terms  in  the  square  brackets  of  (A14) 


individuallv  vanish  as  k 


Furthermore,  the  term 


sin  2r)jb  k  ei«L 


has  the  same  value  on  both  sides  of  the  branch  cut,  so  th.u  its  integration  over  the 
deformed  path  vanishes.  Hence,  we  are  left  with  only  the  first  term  in  the  square 
bracket  of  (A14). 


Now  make  the  change  of  variable  to  r).  in  the  integration.  Thus, 


K 


(A17) 


With  this  change  of  variable,  (A14)  becomes 


V 


0 


i2r).a 

1  +  T  e  1 
i2n,a 

1  -  r  c 


1 


(A18) 


where  the  mapping  of  the  integration  path  P^  in  the  complex  r|. -plane  is  shown  in 
Figure  A3.  The  branch  points  ±k ./tv.  of  k  are  also  shown,  together  with  the 

I  2  2* 

branch  points  ±(i/o^)  J  k^  -  of  the  function  in  (A17).  With  the  choice  of 
branch  cut  shown  in  Figure  A3,  has  the  same  sign  as  along  the  real  axis, 
which  is  consistent  with  the  sign  of  along  the  deformed  integration  path  in 
Figure  A2.  Note  that  for  k2  =  k^,  this  branch  cut  disappears.  Also,  r  =  0  for 
this  case  and  (A18>  reduces  to  the  diffraction  integral  for  two  uniform  transducers 
on  a  free  surface,  as  is  to  be  expected. 

To  further  simplify  (A18),  we  use  (A7)  to  show  that 
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sin  r^a 


(A19) 


Along  the  real  axis,  the  real  port  of  (A19)  is  an  even  function  while  the  imag¬ 
inary  part  is  odd.  Thus,  the  contribution  Vq^  to  (A18)  from  the  real  axis  portion 
of  the  path  P^  is  given  by 


(A20) 
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Figure  A3.  Integration  Path  in  the  Complex  n  Plane 


For  the  portion  of  the  integration  path  P.  along  the  imaginary  p.  axis,  let 

I  2  5” 

r? j  -  iy  where  0  <  y  <  (l/o^)  y  k,;  -  k“.  On  the  right-hand  side  of  the  branch  cut 
p9  is  positive  real,  while  on  the  left-hand  side  it  is  negative  real.  Substituting 
p j  iy  into  (A19),  and  making  use  of  the  symmetry  of  rj9,  the  contribution  V^j  i 
(A18)  from  the  portion  of  the  path  along  the  imaginary  axis  can  be  written 


(A: 


In  order  to  understand  the  dependence  of  and  on  the  paiaum  icrs  a  and 

b  we  substitute  Expressions  (A17)  and  (A22)  for  rj9  and  assume  that  k“  -  k“  «  k9. 
The  two  factors  in  the  curved  brackets  of  (A20)  are  plotted  in  Figure  A4  for  the 
ease  a,  b  »  2»o  /  ^  k|  -  k2.  The  plot  of  (sin  n^b/rj^b)-  is  self  explanatory.  The 
plot  of  the  second  factor  is  obtained  by  approximating  n9  by  \hi for  ni 

small.  Then,  the  square  bracket  term  in  (A20)  for  ^  k|  -  ^  becomes 


”1  V  k2  "  kl/°2 
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*9  9  9  ? 

— — — -  (cos  r) j a ) ^  +  q^(sin  r^u) 
a2 


which  has  maxima  when  p.  a  is  an  odd  multiple  of  tr  2,  and  minima  when  n 
multiple  of  tt. 
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For  p^  »  y  k9  -  k“/a^,  it  is  seen  that  p9  =  and  the  square  1 

term  in  (A20)  can  be  approximated  as 


r  ■ 


it  is  seen  that  p9  =  O  jii^/oj  and  the  square  bracket 
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Because  is  close  to  this  factor  is  seen  to  have  small  oscillations  about 


12  i  .  i  12  -  i 
o,  2  2 

1  \  °  2  > 


For  example,  the  37-X  cut  of  LiNbO^  has  c/ ^  =  0.  795  and  =  0.  Go?  so  that 

(l/2)(o  j  c>2  -  1)  =  0.  079  and  (A25)  has  value  0.  857. 

When  the  electrode  spacing  2a  is  large  compared  to  the  transducer  aperture 

2b,  the  per  iod  of  oscillation  tr  ' a  of  the  factor  in  (A23)  or  (A24)  is  small  compared 

2 

to  the  period  of  oscillation  x/b  of  (sin  p^b/p^b)  .  These  rapid  oscillations  will 
cancel  in  the  integration  of  (A20),  with  the  result  that  the  integral  is  close  to  its 
value  for  -  k^.  In  other  words,  when  a  »  b  the  outp-t  voltage  is  close  to  that 
for  transducers  on  a  free  surface. 

For  the  case  a  =  b.  the  product  of  the  two  factors  of  Figure  A4  is  sketched  in 
Figure  A5.  For  comparison,  we  have  also  sketched  (dashed)  in  Figure  A 5  the 
term  in  the  curved  bracket  of  (A21)  for  the  same  case  a  =  b.  The  area  under  the 


3  8 


dashed  curve  will  be  smaller  than  that  under  the  solid  curve  by  a  factor  propor¬ 
tional  to  the  ratio  of  amplitudes  of  the  two  curves.  This  ratio  is  proportional  to 
2  12/2  9\  9 

a2!  a  (k2  ”  kl)  •  For  the  37-X  cut  of  LiNbC>3,  this  factor  is  (0.  33)1^ /a). 

Thus,  for  a  wideJ  aperture  (a  »  X^).  the  contribution  VQ]  of  (A21)  to  the  total 
output  voltage  V  is  small  compared  to  V  of  (A20). 
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Figure  A5.  Comparison  of  the  Integrands  for  and  Vqj 


Because  the  principal  contribution  to  the  integration  in  (A20)  comes  from 
rjj  <  2tr/b  «  k^f  the  factor  1/k  can  be  replaced  by  1  k^.  With  the  foregoing 
approximations,  the  diffraction  loss  Dj  due  to  the  electrodes  and  or  due  to  path 
length  L  is  given  by  normalized  to  its  value  for  L  =  0  and  =  k9.  Thus, 
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where  we  have  made  use  of 
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While  (A2fi)  was  derived  using  the  quadratic  approximation  for  the  dispersion 
curve,  the  approximation  served  primarily  to  make  clear  the  location  of  branch 
points  and  branch  cuts  during  the  deformation  of  t ho  integration  path.  However, 
the  branch  points  occur  explicitly  in  (A2'i)  only  via  the  definition  of  k  and  n0.  and 
not  in  integration  path.  This  result  suggests  that  if  nuniei  ic.dly  generated 


(A2*!>  I'uui  1  be  usr  !  for  matcri  ris 


dispei  sion  curves  were  ivailablc  forte  ■  tel  p 
for  which  the  Ar  stir  a  ppi  oxim;  it  ion  is  nol  valid. 

To  sjain  insight  into  we  approximate  I)  for  1  ,  rgc  I.  ;.nJ  large  a  b. 

When  I.  is  la  rue,  'In  exponential  term  un  lergoes  rapt  I  phase  variation  for 
p^  '■  tt'b,  with  the  result  that  the  contributions  to  the  integral  from  neighboring 
segments  of  the  p^  axis  cancel  each  other.  However,  the  large  first  maximum 
of  (lie  function 
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evident  in  Figure  A4(b)  will  significantly  influence  the  value  of  the  integral.  The 
shape  of  the  maximum  suggests  an  approximation  of  the  form 
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which  gives  the  correct  value  of  f(tt/2a).  The  coefficient  B  is  found  by  requiring 
that  the  second  derivative  of  the  Approximation  (A29)  evaluated  at  tr/2a  give  the 
correct  value  for  large  a.  This  requirement  leads  to 
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(A3C 


The  factor  pj  in  (A29)  cancels  one  power  of  in  the  factor  (sin  Pjb/pjb)2 
in  (A2fi).  The  first  two  terms  in  the  series  expansion  of  (sin  Pjb/pj)  about  ?r/2b 


(sin  rjjb) 
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With  the  help  of  (A29)  and  (A31),  the  integral  in  (A26)  for  a  -  b  can  be  written 

(2  -  r)j2b/ it)  e 


2,2  2 

7  b 


9  9  i (k  ~k.  )L 

00  /D  _  ~  OW/»\  ~  A 


2  ~  K1  f 

°2  J  l  + 


B2(p  -  */2b)2 


dp, 


(A32) 
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Because  of  the  large  faetor  B  in  the  denominator  of  (A32),  the  integrand  will 
be  small  for  q  <  0-  Hence,  we  may  extend  the  lower  limit  to  -  -  ».  If  we 
now  use  the  Approximation  (17)  for  k,  and  carry  out  a  partial  fraction  expansion 
of  the  integrand,  (A32)  becomes 
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where  F  is  defined  in  (18).  The  integrals  in  (A33)  can  now  be  evaluated  in  closed 
form. 

To  evaluate  the  integrals  in  (A33),  the  paths  of  integration  along  the  real  rj ^ 
axis  are  deformed  into  paths  at  45°  to  the  real  axis  starting  in  the  second  quadrant 
of  the  complex  ijj  plane,  and  ending  in  the  fourth  quadrant.  During  the  deforma¬ 
tion,  the  pole  at  ( rr/ 2  -  ib/B)  in  the  second  integral  is  captured,  giving  rise  to  a 
residue  contribution.  The  integrations  along  the  slant  path  can  be  expressed  in 

terms  of  the  complementary  error  function.  As  a  result  of  this  evaluation  one 
43 

obtains" 


(A34) 


(A3  5) 


■mi 


A3.  Abramowitz,  M. ,  and  Stegun,  I.  A,  (1964)  Handbook  of  Mathematical  Func¬ 
tions.  National  Bureau  of  Standards,  Washington,  D.  C. ,  pp.  297-298. 
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From  (A30),  for  a  -  b  it  is  seen  that  b/B  is  proportional  to  1/b,  and  hence  for 
b  large  b/B  «  jt/2.  Also,  for  F  large,  It*!  will  be  large  so  that"^2 

-T2  i 

e  1  erfc(-iT) - - —  .  (A3  fi) 

Using  (A36)  in  (A34)  and,  after  combining  terms  containing  the  complementary 
error  function,  neglecting  b/B  compared  to  »/ 2  in  amplitude  terms 

nL-2(|)2.-we-^/B*,(4)4^  .-‘"i*  . 

The  approximations  leading  to  (A37)  are  valid  for  F  greater  than  about  3.  Since 
b/B  «  tf/2,  the  first  term  in  (A37)  will  be  larger  than  the  second  for  F  less  than 
about  (B/b)2. 


I 


Appendix  B 


Effects  of  Finite  Width  Electrodes 


Electrodes  of  finite  width  w  are  shown  in  Figure  2.  Consistent  with  the 
representation  of  the  SAW  amplitude  in  terms  of  a  potential  function,  as  dis¬ 
cussed  in  Appendix  A,  the  impedance  looking  in  the  x-direction  for  waves  having 
variation  exp  (iKz)  along  z  is  1/rjj  in  the  free  surface  region,  and  l/n9  in  the  plated 
region.  Thus,  the  impedance  seen  at  z  a  looking  into  the  finite  width  plating  re¬ 
gion  can  be  found  from  the  transmission  line  analogue  for  exp  (-iwt)  time  depend- 
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The  impedance  (Bl)  reflects  waves  incident  along  x  with  reflection  coefficient 
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Substituting  from  (Bl)  we  obtain 
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This  expression  for  F  may  now  be  used  in  the  integral  Expression  (A14)  for  the 
output  voltage  V  . 

The  reflection  coefficient  appears  in  (A14)  through  the  function 
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Substituting  for  r  from  (B3),  and  after  suitable  manipulation,  it  is  found  that 
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(B5) 

It  is  seen  from  (B5)  that  f  is  unchanged  by  changing  the  sign  of  rj9.  Hence,  the 
branch  points  at  ±k„  in  Figure  A2  are  not  present  in  the  integrand.  However,  the 
branch  points  at  ±k^  are  present  in  f,  reflecting  the  fact  that  the  free-surface 
region  extends  to  |x|  —  oo. 

The  function  f  will  have  one  or  more  poles  in  the  segment  of  the  real  k  axis 
between  k^  and  kg.  In  this  segment  n9  is  real  and  is  positive  imaginary.  If 
the  original  path  of  integration  is  deformed  as  shown  in  Figure  A2,  then  the 
portion  of  the  path  from  kj  to  kg  and  back  again  to  kj  will  enclose  these  poles. 
Changing  the  variable  of  integration  to  results  in  the  path  of  Figure  A3  for 
the  integral  of  (A18).  In  the  rj^  plane,  the  integration  along  the  real  axis  gives  the 
contribution  from  the  continuous  spectrum  to  Y^.  The  portion  of  P1  from  the 
f~9  2  j 

origin  to  the  point  i  ^kg  -  kj/o^  and  back  to  the  origin  encompasses  the  poles  of 
f,  and  gives  the  contribution  to  V  from  the  guided  waves. 

Bl.  CONTINUOUS  SPECTRUM  CONTRIBUTION 

To  compute  the  contribution  from  the  continuous  spectrum  we  note  that 
2 

(sin^rijb /rijb)  and  k  are  even  functions  of  Thus,  only  the  symmetric  portion 
of  f  will  survive  the  integration  along  the  real  axis.  Define  symmetric  part 
flr^)  as 


(BO) 


4fi 


f(nl)  =  J 


Recalling  that  rj9  is  odd  function  of  along  the  Re  r)j  axis  and  after  suitable 
manipulation  it  can  be  shown  that 
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(cos  r^w) 
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(sin  o2wHcos  p2w)(sin  217^1) 


The  output  voltage  due  to  the  continuous  spectr  um  is  now  given  by  (A20) 

with  the-  term  in  the  square  bracket  replaced  by  f(rij).  Thus, 


(B8) 


(B9) 


normalizes  to  the  output  voltage  when  the  two  transducers  are  close  together 

on  a  free  surface.  The  normalized  voltage  is  represented  by  the  symbol  Dj..  Noti 
that  k  in  the  denominator  of  (B8)  can  be  replaced  by  k^  with  little  error  for 
b  »  Xr 


B2.  GUIDED  WAVE  CONTRIBUTION 

The  guided  waves  decrease  exponentially  in  amplitude  for  ]x|  —  oc.  This 
decay  results  from  the  fact  that  rj.  is  imaginary  at  the  pole.  Substituting  rj.  =  iy 
into  the  denominator  of  f  in  (B5),  and  equating  it  to  zero,  gives  the  dispersion 
equation  of  the  guided  waves  as 
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The  first  term  in  (IUO)  gives  the  dispersion  equation  for  an  isolated  strip,  while 
the  second  term  represents  the  perturbation  due  to  coupling  between  the  strips.^ 
If  the  strips  are  separated  by  several  wavelengths,  the  coupling  is  small,  and 
hence  the  guided  wave  solutions  for  the  pair  of  strips  will  be  close  to  the  solutions 
for  an  isolated  strip. 

As  a  result  of  the  coupling  between  strips,  each  mode  of  the  isolated  strip 
will  split  into  two  modes.  One  mode  is  symmetric  with  respect  to  the  centerline 
x  0,  and  the  other  is  antisymmetric.  For  symmetric  transducers,  as  is 
assumed  here,  only  the  symmetric  mode  is  excited.  Because  f ( rj ^ )  describes 
interactions  in  a  symmetric  structure,  its  poles  are  only  those  of  guided  waves 
having  even  symmetry  about  the  centerline. 

The  modes  of  an  isolated  strip  have  either  even  or  odd  symmetry  about  the 
center  of  the  strip.  Kven  modes,  including  the  lowest  mode,  are  given  mode 
index  (n  0,  2,  4 . ),  and  are  solutions  of  the  dispersion  equation 

y  n0  tan  -£■  .  (Bll) 

The  dispersion  equation  of  the  odd  modes,  having  mode  index  (n  1,  3,  5,  .  .  . ),  is 


,  w 
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Insight  into  these  solutions  is  gained  by  solving  (15)  for  y  =  ir^  in  terms  of 
real.  Thus, 
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Rl.  Schmidt,  R.U.  ,  and  Coldren,  L.  A.  (1975)  Thin  film  acoustic  surface  wave¬ 
guides  on  anisotropic  media,  IFFK  Trans.  Sit -22 : 1 1 5-122. 


where  iyn  is  the  location  of  the  nth  pole,  and  the  sum  is  taken  over  the  poles  for 
which  p^  is  pure  imaginary,  corresponding  to  propagating  guided  waves. 

In  order  to  evaluate  (B15),  we  approximate  the  pole  location  by  the  solution 
of  Eqs.  (Bll)  or  (B12)  for  an  isolated  strip.  For  the  even  modes  we  use  (BIO) 
and  Eq.  (Bll)  to  obtain 
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For  odd  modes,  (BIO)  and  Eq.  (B12)  give 
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(B1 7) 


For  2yna  large,  the  derivative  of  the  term  containing  the  exponential  in  F>(rj ^ ) 
will  be  small,  when  evaluated  at  p^  -  iyn>  as  compared  to  the  derivatives  of  the 
other  term.  Neglecting  the  exponential,  it  can  be  shown  that  at  the  even-numbered 
poles 


dD  _  I  .  .  "1  ,  w 

1  -  l  ^  tan  n2  2 


dp 


dp. 


while  at  the  odd-numbered  poles 
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Using  the  parabolic  approximation  (15)  for  p^p^  and  Eqs.  (Bll)  or  (B12),  the 
various  terms  in  the  residue  series  (B15)  can  be  simplified.  After  some  manipu¬ 
lation  one  finds  that 
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where  the  sum  is  taken  over  the  propagating  modes  and  n2n  is  the  value  of  n.,  at 
’h  "  »yn-  At  cutoff  for  each  mode  yR  =  0,  so  that  the  contribution  to  (R20)  from 

each  mode  initially  increases  from  zero  as  frequency  increases  above  its  cutoff. 

y  b 

Far  enough  from  cutoff  so  that  2yna  -  4.  sinh  ynb  *  (1/2)  e  n  ,  which  simplifies 
the  evaluation  of  (B20).  Dividing  (B20)  by  the  Factor  (B9)  gives  the  normalized 
voltage  that  has  been  labeled  D  in  Section  2. 
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